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ABSTRACT
We present high-quality near-Infrared photometry of four Bulge metal-rich glob-
ular clusters, namely: NGC 6304, NGC 6569, NGC 6637 and NGC 6638. By using
the observed Colour-Magnitude Diagrams we derived a photometric estimates of the
cluster reddening and distance. We performed a detailed analysis of the Red Giant
Branch, presenting a complete description of morphologic parameters and evolutionary
features (Bump and Tip). Photometric estimates of the cluster metallicity have been
obtained by using the updated set of relations (published by our group) linking the
metal abundance to a variety of near-Infrared indices measured along the Red Giant
Branch. The detection of the Red Giant Branch Bump and the Tip is also presented
and briefly discussed.
Key words: Stars: evolution — Stars: C - M — Infrared: stars — Stars: Population
II Globular Clusters: individual: (NGC 6304, NGC 6569, NGC 6637, NGC 6638) —
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1 INTRODUCTION
Bulge globular clusters (GCs) are key templates of simple
stellar populations to study the stellar and chemical evolu-
tion in the high metallicity domain.
A few optical and near-Infrared (IR) ground-based
photometric studies of the Bulge GCs have been per-
formed in the past decade (see e.g. Frogel et al. 1995;
Ortolani, Barbuy & Bica 1996; Ortolani, Bica & Barbuy
1996; Guarnieri at al. 1998; Heitsch & Richtler 1999;
Davidge et al. 1992; Momany et al. 2003). However, the rel-
ative faintness of these targets in the optical, the lack of com-
plete and homogeneous surveys, the modest performances of
the previous generation of IR arrays (i.e. limited size, large
fraction of bad pixels, etc.), prevented a detailed and quan-
titative characterization of the Post Main Sequence (Post-
-MS) evolution in the high metallicity domain, as poten-
tially traced by this GC sub-system. In this respect, the
Two-Micron All-Sky Survey (2MASS) could represent a step
forward but its modest spatial resolution and photometric
⋆ Based on data taken at the ESO/NTT Telescope, within the
observing programme 73.D-0313.
deepness prevent to sample the cluster population with the
sufficient accuracy and statistical significance, particularly
in the core region.
In this framework, our group started a long-term
project devoted to fully characterize the stellar popula-
tions in the Bulge GC system, by using Colour-Magnitude
Diagrams (CMDs) and Luminosity Functions (LFs) in
the near-IR (see Ferraro et al. 2000; Valenti et al. 2004;
Valenti, Ferraro & Origlia 2004a,b; Sollima et al. 2004). As
well known, in this spectral domain the reddening and blan-
keting effects at high metallicity are much less severe than in
the optical, moreover, the sensitivity to the physical param-
eters of cool stars is maximum and the contrast between the
red giants and the fainter MS population is greater than in
any other optical passband, drastically reducing the crowd-
ing, even in the innermost core region (see e.g. Ferraro 2002,
and references therein). As a first and major step forward in
the study of the Bulge stellar population we are performing
an homogeneous survey of a statistical significant sample of
clusters in the near-IR. Such a photometric screening of the
Bulge GC system with similar accuracy as that obtained for
the Halo GCs system (see Ferraro et al. 2000) will allow: (i)
a global check of the stellar evolution models in the high
c© 2004 RAS
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Figure 1. K, J-K colour-magnitude diagrams for the observed clusters. The thick line in each panel indicates the RGB fiducial ridge line.
Long period variables stars have been plotted as filled triangles. Note that in the case of NGC 6304, because of bulge field contamination
the RGB fiducial ridge line is referring to the dominant blue component of the cluster stellar population.
metallicity domain; (ii) a direct and quantitative compar-
ison between the stellar population in the Halo and Bulge
GC system; (iii) an accurate calibration of a few major in-
tegrated observables, to characterize the unresolved stellar
populations in extragalactic bulges.
A set of near-IR photometric indices (i.e. colours,
magnitudes and slopes) defined by Ferraro et al. (2000)
and widely discussed in Valenti, Ferraro & Origlia (2004a,b)
(hereafter Paper I and Paper II, respectively) have been de-
rived to describe the morphology of the RGB together with
its main evolutionary features, such the RGB Bump and
Tip.
In this paper we present a detailed IR study of the
Red Giant Branch (RGB) sequence for a sample of four
metal-rich Bulge GCs (namely, NGC 6304, NGC 6569,
NGC 6637 and NGC 6638), affected by a moderate redden-
ing E(B−V ) < 0.6 (see Table 2). These clusters have been
subject of several studies, but mainly in the optical range; no
near-IR CMDs are available for NGC 6638 and NGC 6569.
Piotto at al. (2002) published B,V HST photometry of all
c© 2004 RAS, MNRAS 000, 1–12
3Figure 2. As in Fig. 1 but for the H, J-H colours-magnitude diagrams.
the programme clusters. The derived CMDs clearly show
an HB morphology and a curved RGB which are typical
signatures of metal-rich population; however only in the
case of NGC 6637 and NGC 6304 the Sub Giant Branch
(SGB) and the Turn-Off (TO) regions are well defined. V,
I ground-based photometry of NGC 6304, NGC 6637 and
NGC 6638 has been presented by Rosenberg et al. (2000)
within a Galactic GCs survey devoted to derive the rel-
ative ages of the Milky Way GCs. However the relative
high reddening and foreground contamination by MS stars,
prevented a sufficiently accurate detection of the TO level.
Moreover, the RGB sequence is not properly sampled and
defined. Ortolani et al. (2000, 2001) presented V,I photom-
etry of NGC 6304 and NGC 6569, respectively, finding the
presence of a red clumpy HB, a curved RGB and high
level of field contamination. The advantages of observing
these clusters in the near-IR has been well demonstrated
by Ferraro et al. (1994) and Davidge et al. (1992) who pub-
lished B,V,J,K photometry of NGC 6637 and V,K photome-
try of NGC 6304, respectively. The limited performances of
the previous generation of IR arrays allowed only a partial
sampling (both in space and deepness) of the RGB, which
however is clearly defined in their observed K, V-K CMDs,
thanks to the wide (V-K) spectral baseline.
c© 2004 RAS, MNRAS 000, 1–12
4 Valenti, Origlia & Ferraro
In the present study, for the programme clusters we
sampled the entire RGB extension in the J, H and K bands,
and we presented new estimates of the reddening and dis-
tance by comparing the IR-CMDs with those of two refer-
ence clusters (47 tuc and M 107) with well know extinction
and distance modulus.
The paper is organized as follow: the observations and
data reduction are presented in §2, while in §3 we describe
the properties of the CMDs. §4 describes the method applied
to derive an estimate of the cluster reddening and distance.
In §5 we present the study of the RGB sequence: by using
LFs, CMDs and RGB fiducial ridge lines, we derive the main
RGB morphological and evolutionary features, and their de-
pendences on the cluster metallicity. The results of the trans-
formations between the observational and theoretical planes
for the RGB Bump and Tip luminosities are presented in
§6. Finally, in §7 we briefly summarize our results.
2 OBSERVATIONS AND DATA REDUCTION
A set of J, H and K images of four Bulge clusters, namely
NGC 6304, NGC 6637, NGC 6569 and NGC 6638, was ob-
tained at the European Southern Observatory (ESO), La
Silla on June 2004, using the near-IR camera SOFI, mounted
at the ESO/NTT telescope. During the observing runs two
set of data were secured:
(i) Standard resolution set. A series of images in the J,
H and K bands have been obtained by using SOFI in Large
mode. In this combination the camera has a pixel size of
0.′′288 and a total field of view of 4.′9× 4.′9. The images are
the combination of 42, 72, and 99 exposures each one 3-sec
long in the three pass-bands (J, H and K respectively).
(ii) High resolution set. High resolution images of the
inner region of each cluster were also secured. The high res-
olution mode (SOFI coupled with the focal elongator) yields
a pixel size of 0.′′146 and a total field of view 2.′49 × 2.′49.
High resolution images are the average of 30 single exposures
1.2 sec-long each.
All the secured images were roughly centered on the
cluster center. Note that the region covered by our obser-
vations allows us to sample a significant fraction of the to-
tal cluster light (typically ∼80-95%) in all the programme
clusters. During the three nights of observation the average
seeing was always quite good (FWHM≈0.′′8). Every image
has been background-subtracted by using sky fields located
several arcmin away from the cluster center, and flat-field
corrected using dome flat–fields, acquired with the standard
SOFI calibration setup.
Standard crowded field photometry, including Point
Spread Function (PSF) modeling, was carried out on each
frame by using DAOPHOTII/ALLSTAR (Stetson 1994).
For each cluster, two photometric catalogues (derived from
high and standard resolution images), listing the instru-
mental J, H and K magnitudes, were obtained by cross-
correlating the single-band catalogues. The standard and
high resolution catalogues have been combined by means of
a proper weighted average, weighting more the high resolu-
tion measurements in the innermost region of the cluster. In
principle, this strategy allows to minimize the blending ef-
fects. The internal photometric accuracy has been estimated
from the rms frame-to-frame scatter of multiple stars mea-
Table 1. The observed sample of clusters parameters from Harris
(1996) catalogue.
Name α2000 δ2000 l◦ b◦ MV
NGC
6304 17h14m32.5s −29◦27′44′′ 355.83 5.38 -7.26
6569 18h13m38.9s −31◦49′35′′ 0.48 -6.68 -7.83
6637 18h31m23.2s −32◦20′53′′ 1.70 -10.27 -7.47
6638 18h30m56.2s −25◦29′47′′ 7.90 -7.15 -6.78
surements. Over most of the RGB extension, the internal
errors are quite low (σJ∼σH∼σK < 0.03 mag), increasing
up to ∼0.06 mag at K>16. By using the Second Incremental
Release Point Source Catalogue of 2MASS, the instrumental
magnitudes were then converted into the 2MASS photomet-
ric system.1
The photometric catalogues have been also as-
trometrized onto 2MASS, using a procedure developed at
the Bologna Observatory (P. Montegriffo, private communi-
cations) and successfully applied to other clusters (see e.g.
Ferraro et al. 2003; Sollima et al. 2004, Paper I and II, and
reference therein) providing rms residuals of ≈0.2 arcsec in
both R.A. and DEC.
3 COLOUR MAGNITUDE DIAGRAMS
All stars detected over the entire science fields have been
plotted in the (K, J-K) and (H, J-H) CMDs shown in Fig. 1
and 2. The main features of the CMDs are:
i) The Giant Branch is well populated in all clusters,
even in the brightest magnitude bin, allowing a clear defini-
tion of the mean ridge line up to the Tip.
ii) The photometry is deep enough to reach the base
of the RGB at K∼H∼15 mag, i.e. 3 − 4 mag below the
Horizontal Branch (HB). The SGB region is not well defined,
preventing any feasible detection of the Turn-Off level.
iii) The HB appears as a red clump well separated from
the RGB. This is the typical morphology of high-metallicity
clusters such as 47 Tuc and M 107.
iv) In the CMDs of NGC 6304, the RGB is scattered,
and this is mainly due to contamination by bulge field giants
(see §4.1). The blue sequence at (J−K)≈0.55, extending up
to K∼14 mag, corresponds to a disk MS contamination (see
Ortolani et al. 2000).
v) Long Period variables have been identified, to prop-
erly locate the RGB Tip (see § 5.2).
4 REDDENING AND DISTANCE MODULUS
As discussed in § 2, the photometry of the four clusters pre-
sented here have been reported in the 2MASS photometric
1 An overall uncertainty of ±0.05 mag in the zero-point calibra-
tion in all three bands has been estimated. The observed clus-
ter catalogues in the 2MASS photometric system are available in
electronic form at the CDS.
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5Table 2. Metallicity, reddening and distance modulus of the programme clusters.
Name [Fe/H]a
Z85 [Fe/H]
b
CG97 [M/H] E(B-V)H96 E(B-V)S98 E(B-V)derived (m-M)
H96
0 (m-M)
derived
0
NGC 6304 -0.59 -0.68 -0.55 0.53 0.52 0.58 13.90 13.88
NGC 6569 -0.86 -0.79 -0.64 0.55 0.44 0.49 15.15 15.40
NGC 6637 -0.59 -0.68 -0.55 0.16 0.17 0.14 14.78 14.87
NGC 6638 -1.15 -0.97 -0.69 0.40 0.42 0.43 14.91 15.07
Notes:
a Metallicity in the Zinn (1985) scale.
b Metallicity in the CG97 scale, as computed from the Zinn (1985) estimates by using equation (7) of CG97
and following the prescription of (Ferraro et al. 1999).
Figure 3. A zoom of the RGB at the HB luminosity level in the
K, J-K plane for the programme clusters. 47 Tuc is from Paper I,
M 107 (from Ferraro et al. 2000). The observed RGB ridge lines
are shown as dashed lines, while the dashed boxes mark the HB
region.
system, hence they are fully consistent with the 24 GCs
published in Paper I and II. This allows to perform a de-
tailed study of the RGB features by using the photometric
indices defined by Ferraro et al. (2000) and calibrated in Pa-
per I and Paper II. Accordingly with the assumption done in
those papers, here we adopted the distance scale established
by Ferraro et al. (1999), who derived the distance modulus
for a sample of 61 Galactic GCs based on an empirical es-
timation of the Zero Age Horizontal Branch level. Here the
distance modulus for the programme clusters is derived by
comparing the CMDs with those of two reference clusters
selected from the sample presented by Ferraro et al. (2000),
and applying a differential method. As widely discussed in
Paper I, this procedure allows to derive simultaneously dis-
tance modulus and reddening estimates. As reference clus-
ters we adopted 47 Tuc (for NGC 6304 and NGC 6637)
and M 107 (for NGC 6569 and NGC 6638), since they have
very similar metallicity and HB morphology, respectively
(see Fig.3).
The differences in colours and in magnitudes between
the reference and the programme clusters have been com-
puted by shifting the CMD of each cluster to match the
RGB and the HB of the reference clusters. In particular,
the colour shifts (δ(J-H) and δ(J-K)) have been used to
derive an estimate of the relative reddening. The extinc-
tion coefficients listed by Savage & Mathis (1979) [AJ/E(B-
V)=0.87, AH/E(B-V)=0.54 and AK/E(B-V)=0.38] have
been adopted. The results are listed in Table 2, as can be
seen our reddening estimates nicely agree (within 0.1 mag)
with those listed by Harris (1996) and Schlegel et al. (1998).
The shifts in magnitudes (δJ and δK) once corrected for rel-
ative reddening have been used to obtain an estimate of the
distance modulus for each clusters. The derived distances
are listed in Table 2, column [9] and compared with those
found in the Harris (1996) compilation (column [8]). Note
that the distance modulus obtained here for NGC 6637 turns
out to be ∼0.2 mag larger than that found by Ferraro et al.
(1994). This is mainly due to a zero-point difference be-
tween the 2MASS photometric system and that adopted by
Ferraro et al. (1994).
4.1 The origin of the red sequence in NGC 6304
The case of NGC 6304 deserves a brief discussion since a
careful examination of its CMDs has revealed the presence of
a quite scattered RGB sequence (see Fig. 1 and 2). The pho-
tometric errors are not large enough to justify such a spread
in colour. Moreover the same RGB morphology shown by
our IR CMDs is also present in the 2MASS catalog of the
same region, ruling out the possibility that the observed fea-
ture is due to any spurious effect in our photometry.
As can be clearly seen in Fig. 4, in the case of NGC 6569,
NGC 6637 and NGC 6638 the (J-K) colour distribution of
the RGB stars, computed in a bin of ∼1.5 mag, can be re-
produced by a single Gaussian with a σ value compatible
with the internal photometric errors. Conversely, NGC 6304
shows a colour distribution with a pronounced tail toward
the red. At least two gaussian components are needed in
order to reproduce the colour distribution shown in Fig. 4.
The main and bluer component is representative of the clus-
ter RGB stars, its colour distribution has in fact a σ=0.045
comparable with those of the other clusters. A secondary
c© 2004 RAS, MNRAS 000, 1–12
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Figure 4. J–K Colour distribution of the RGB stars in the 15.5 <
K < 14 magnitude range for NGC 6637 and NGC 6304 and
12.5 < K < 11 for NGC 6638 and NGC 6569. The solid thick
lines are the Gaussian best-fits of the histograms.
component at δ(J-K)∼0.1 is needed in order to fit the red
tail of the colour distribution (see Fig. 4). In order to check
whether the red sequence could be due to field contamina-
tion, we investigated the field region around the cluster, by
using 2MASS data. In particular, Fig. 5 shows the cluster
CMD as obtained from our observations (panel(a)), and for
comparison the CMDs of 4 control fields located at ∼13′
from the cluster center (towards North, South, East and
West directions, panel (b)). As can be seen, most field gi-
ants lie on the red side of the NGC 6304 RGB. In order to
make the effect more clear we divided the RGB region of
the CMDs in two boxes: Blue and Red Box, respectively. As
shown in the Fig. 5, the vast majority of the field RGB stars
lie in the Red Box, while only few field giants are in the blue
side of the box. To quantify the observed effect the number
of field stars, per square arcmin, lying in the Blue and Red
Box in bin of 1 mag has been computed. The derived den-
sity distribution is compared with the same quantity in the
SOFI field. The result shown in Fig. 6, clearly indicates that
almost all stars lying in the Red Box of panel (a) of Fig. 5
are due to Bulge field contamination (see i.e. panel (b) of
Fig. 6).
Note that the same procedure has been applied to
all the programme clusters. In NGC 6569, NGC 6637 and
NGC 6638 the level of bulge field contamination is always
less than 15%.
5 THE MAIN RGB FEATURES
As already discussed in detail by Ferraro et al. (2000) and
Paper I and II, a complete characterization of the RGB se-
quence, as a function of the cluster metallicity, requires an
Figure 5. K, J-K CMDs of RGB stars detected in the SOFI field
(panel (a)) and by 2MASS in 4 control fields located ∼13′ from
the cluster center toward North, South, East and West (panel
(b)).
Figure 6. Density distribution of stars detected in SOFI (open
histograms) and in 2MASS (shaded histograms) fields calculated
within: both boxes (panel (a)), only the Red Box (panel (b)) and
only the Blue Box. For each magnitude bin the percentage of field
contamination is indicated.
c© 2004 RAS, MNRAS 000, 1–12
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Name [Fe/H]CG97 [M/H] E(B-V) (m-M)0
NGC 6304 -0.68 -0.55 0.58 13.88
NGC 6569 -0.79 -0.64 0.49 15.40
NGC 6637 -0.68 -0.55 0.14 14.87
NGC 6638 -0.97 -0.69 0.43 15.07
47 Tuca -0.70 -0.59 0.04 13.32
M 107a -0.87 -0.70 0.33 13.95
a From Table 2 of Ferraro et al. (1999).
appropriate definition of its morphological and evolutionary
features, by using suitable CMDs and LFs. Briefly, the mor-
phological characteristics of the RGB sequence can be ob-
tained by computing a set of photometric indices (see §5.1)
such as (i) the colours at fixed magnitudes; (ii) the magni-
tudes at constant colours and (iii) the RGB slope. In fact,
(1) the absolute colour position, and (2) the morphology
of the RGB sequence progressively change with increasing
cluster metallicity. The Bump and Tip are the main RGB
evolutionary features: the RGB Bump traces a significant
change in the evolutionary rate of the stars along the RGB,
and the RGB Tip flags the end of the RGB evolutionary
phase (see §5.3).
As done in our previous studies, both the [Fe/H] in the
Carretta & Gratton (1997, hereafter CG97) scale and the
[M/H] global metallicity, which takes into account the con-
tribution of the α-elements, are considered. The latter has
been computed by using the equation
[M/H ] = [Fe/H ]CG97 + log(0.638f α + 0.362) (1)
where fα is the enhancement factor of the α-elements (i.e.
[α/Fe] ≈ +0.3 dex]). Following Ferraro et al. (2000) and Pa-
per I and II, an α-enhancement factor linearly decreasing to
zero for metal-rich clusters with [Fe/H]CG97 < −1 have been
adopted. However, it must be noted that, there is a growing
number of recent high resolution spectroscopic observations
of both Bulge cluster and field giants (Rich & McWilliam
2000; Carretta et al. 2001; Origlia, Rich & Castro 2002;
Origlia & Rich 2004; Zoccali et al. 2004; McWilliam & Rich
2004; Origlia, Valenti & Rich 2005) which point towards a
constant value of α-enhancement up to solar metallicity. If
a constant enhancement of [α/Fe] ≈ +0.3 dex over the full
range of metallicity is adopted, the global metallicity of the
programme clusters listed in Table 3 must be increased, on
average, by a few hundredths dex, the exact amount depend-
ing on their actual metallicity (the effect of such an assump-
tion will be discussed in a forthcoming paper, Ferraro et al.
2005, in preparation).
5.1 The RGB morphology
In order to derive the colours at fixed magnitudes and the
magnitudes at fixed colours the first step is the definition of
the RGB fiducial ridge lines from the CMDs. We followed
the prescriptions discussed in detail in Ferraro et al. (2000);
Valenti et al. (2004). In the case of NGC 6304, where the
Figure 7. RGB mean (J-K)0 colour at fixed MK=(-5.5, -5, -
4, -3) magnitudes as a function of the CG97 metallicity scale
(left panels) and of the global metallicity (right panels). Filled
circles show the Bulge clusters observed here, empty circles are the
clusters presented in Paper I. The solid lines are the calibration
relations published in Paper I.
field contamination causes the observed splitting of the RGB
sequence, the fiducial ridge line has been computed by using
only the main, blue component (see § 4.1).
By using the values of reddening and distance modulus
listed in Table 3, the observed RGB ridge lines of the pro-
gramme clusters have been also converted in the absolute
plane. Once obtained the intrinsic RGB ridge lines, a com-
plete description of the RGB morphology, as a function of
the cluster metallicity, follows directly.
The RGB (J-K)0 and (J-H)0 intrinsic colours corre-
sponding to four different magnitude levels, namely MK=H
= (-5.5, -5, -4, -3), as defined in Ferraro et al. (2000), are
listed in Table 4, while their trends with the cluster metal-
licity are shown in Figs. 7 and 8, respectively. Our results
nicely agree with the calibration relations (solid lines) de-
rived in Paper I (see equations A1-A8 and A17-A24 in the
Appendix A of Paper I). As expected from previous stud-
ies (Cohen & Sleeper 1995; Ferraro et al. 2000; Valenti et al.
2004, an Paper I), the linear scaling of the colours with the
cluster metallicity is confirmed, up to the highest metallici-
ties. Table 6 and 7 list the various photometric estimates of
metallicity in both the CG97 and global metallicity scales,
as computed using the relations (A1-A8 and A17-A24) of
Paper I and the colours listed in Table 4. They are all con-
sistent within ±0.1 dex.
The behaviour of the RGB magnitudes at fixed colours
as a function of metallicity has been investigated in all the
observed clusters. Table 4 lists the derived MK and MH mag-
nitudes at constant (J-K)0 and (J-H)0 colours. Fig. 9 shows
how these two indices linearly correlate with the metallicity
in both adopted scales. The Paper I sample together with
c© 2004 RAS, MNRAS 000, 1–12
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Table 4. Photometric indices describing the RGB location in colour and in magnitude in the K,J-K and H, J-H planes, for the observed
clusters.
Name NGC 6304 NGC 6569 NGC 6637 NGC 6638
(J-K)
MK=−5.5
0 0.984±0.052 0.954±0.052 0.986±0.051 0.918±0.050
(J-K)
MK=−5
0 0.928±0.052 0.899±0.052 0.927±0.051 0.863±0.050
(J-K)
MK=−4
0 0.827±0.052 0.800±0.052 0.820±0.051 0.767±0.050
(J-K)
MK=−3
0 0.738±0.052 0.716±0.052 0.727±0.051 0.686±0.050
(J-H)
MH=−5.5
0 0.812±0.035 0.770±0.035 0.809±0.034 0.754±0.034
(J-H)
MH=−5
0 0.772±0.035 0.735±0.035 0.766±0.034 0.717±0.034
(J-H)
MH=−4
0 0.699±0.035 0.668±0.035 0.686±0.034 0.647±0.034
(J-H)
MH=−3
0 0.634±0.035 0.607±0.035 0.616±0.034 0.584±0.034
M
(J−K)0=0.7
K
-2.52±0.04 -2.79±0.04 -2.68±0.04 -3.19±0.04
M
(J−H)0=0.7
H
-4.02±0.04 -4.49±0.03 -4.19±0.03 -4.77±0.03
RGBslope -0.094±0.005 -0.089±0.003 -0.092±0.003 -0.087±0.004
Figure 8. The same as Fig. 7, but for the (J-H)0 colours.
the corresponding calibration relations are also plotted. A
detailed discussion on the errors associated to the derived
colours and magnitudes can be found in Paper I. Here we
just remind that, while the accuracy on the derived colours
at fixed magnitudes is mainly driven by the uncertainty on
the distance modulus, the errors associated on the derived
magnitudes at constant colours depend on both reddening
and distance uncertainty with almost the same weight. Col-
umn [4] of Table 6 and 7 lists the photometric estimate
of [Fe/H] and [M/H], respectively, derived by averaging the
metallicity computed by using the relations A33&A37 and
A35&A39 of Paper I and the absolute MK and MH magni-
tudes listed in Table 4.
Another photometric estimate of the cluster metallicity
is provided by the RGB slope, which turns out to be partic-
ularly powerful being both reddening and distance indepen-
Figure 9. Upper panels: MK at fixed (J-K)0=0.7 as a function
of the metallicity in the CG97 scale (a) and in the global scale
(c). Lower panels: MH at fixed (J-H)0=0.7 as a function of the
metallicity in the CG97 scale (b) and in the global scale (d). The
filled circles refer to the present sample, the empty circles the
sample of Paper I. The solid lines are the calibration relations
derived in Paper I.
dent. The RGB slope in the K, J-K plane for the programme
clusters have been computed following the prescriptions of
Paper I. Photometric estimates of the clusters metallicity
in both adopted scales have been obtained by using the de-
rived RGB slope and the relations A41&A42 of Paper I. The
results, listed in column [5] of Table 6 and 7 are fully consis-
tent with those obtained by using the colour and magnitude
photometric indices, within 60.1 dex.
c© 2004 RAS, MNRAS 000, 1–12
9Figure 10. Observed integrated (upper panels) and differential
(lower panels) luminosity functions for RGB stars in NGC 6569
and NGC 6638. The dashed lines in the upper panels are the
linear fits to the region above and below the RGB bump.
5.2 The RGB evolutionary features
The RGB Bump flags the point when, during the post-MS
evolution of low mass stars, the narrow hydrogen-burning
shell reaches the discontinuity in the hydrogen distribu-
tion profile, generated by the previous innermost penetra-
tion of the convective envelope. The detection of the RGB
Bump in Galactic and Local Group stellar systems, has
been subject of many studies (see i.e. Fusi Pecci et al. 1990;
Ferraro et al. 1999; Zoccali et al. 1999; Ferraro et al. 2000;
Riello at al. 2003; Valenti et al. 2004; Sollima et al. 2004;
Bellazzini, Ferraro & Pancino 2001; Bellazzini et al. 2002;
Monaco et al. 2002, and Paper II), demonstrating how this
feature can be safely identified by using suitable CMDs and
LFs. In fact, the position of the RGB Bump corresponds to
a peak in the differential LF and to a slope change in the
integrated LF. Following the same procedure adopted by
Ferraro et al. (2000); Valenti et al. (2004) and Paper II, the
RGB Bump of the programme clusters has been detected
in all the pass-bands. As an example, Fig. 10 and 11 show
the integrated and differential LFs, in the K band, for RGB
stars in all the observed clusters.
The observed J, H and K Bump magnitudes are listed
in Table 5. Fig. 12 shows the behaviour of the RGB Bump
absolute magnitudes as a function of metallicity in both the
adopted scales. The location of the Bump in NGC 6304 is
somewhat uncertain due to the bulge field contamination
(see § 4.1). Indeed, the RGB-LF in this cluster shows a few,
broad/asymmetric peaks, the most pronounced being about
0.3 mag fainter than the corresponding peak in NGC 6637;
by assuming the same age and same helium content for the
two clusters, this would imply a difference in metallicity of
δ[M/H]∼0.15 dex.
Figure 11. As in Fig. 10 but for NGC 6304 and NGC 6637.
By using equations 1-6 of Paper II linking the Bump
magnitude to the cluster metal content we have also derived
independent estimates of metallicity in both the adopted
scales (see Table 5).
For stellar population older than τ≈1-2 Gyr (i.e. when
stars less massive than M≈2.0M⊙ are evolving) the RGB
Tip reaches its maximum luminosity, and it remains approx-
imately constant with increasing the population age. The
calibration of the relation linking the RGB Tip magnitude
to the cluster metallicity is, therefore, a fundamental step
in view of using the RGB Tip luminosity as standard can-
dle (see Bellazzini, Ferraro & Pancino 2001). In Paper II we
recently published an updated calibration of the RGB Tip
magnitudes with varying metallicity in the near-IR J, H and
K bands, based on a sample of 24 Galactic GCs. Here we
present the estimates of the RGB Tip luminosity for the
programme clusters obtained following the same procedure
adopted there. Briefly, this method is based on the assump-
tion that the brightest non-variable star along the RGB can
be considered as representative of the RGB Tip level. The
presence in our IR catalogue of variable stars along the RGB
has been checked by using the catalogue by Clement et al.
(2001). The few variables are marked as large filled trian-
gles in the CMDs plotted in Fig 1 and 2. The measures
of the RGB Tip obtained for the programme clusters are
listed in Table 5, while Fig. 13 shows the absolute RGB Tip
magnitudes as a function of the cluster metallicity in both
the adopted scales. As can be seen, our results nicely agree
with the relations derived in Paper II. Note that in the case
of NGC 6637, the brightest non-variable RGB star is dif-
ferent from that one identified by Ferraro et al. (2000) as
representative of the Tip level. This is due to the fact that
the star used by Ferraro et al. (2000) was a blend, which we
were able to separate into two stars, thanks to the superior
spatial resolution of SOFI.
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Figure 12. The RGB Bump absolute K, H and J magnitudes
as a function of the cluster metallicity in the CG97 scale (left
panels) and in the global scale (right panels). Filled circles are
the programme clusters, empty circles are the Paper II data set.
The solid lines are the calibration relations from Paper II.
Figure 13. The RGB Tip absolute K, H and J magnitudes as
a function of the cluster metallicity in the CG97 scale (left pan-
els) and in the global scale (right panels). Filled circles are the
programme clusters, empty circles are the Paper II data set. The
solid lines are the calibration relations from Paper II.
Figure 14. Bolometric magnitudes of the RGB Bump as a func-
tion of the cluster metallicity in both the CG97 (upper panel)
and global (low panel) scales. Filled circles show the present
cluster sample and empty circles are the Paper II dataset. The
solid lines are the calibration relations from Paper II, the dashed
and dotted lines (lower panel) are the theoretical prediction by
Straniero, Chieffi & Limongi (1997) at t=12 and 14 Gyr, respec-
tively.
6 THE THEORETICAL PLANE
In order to compare the observed RGB evolutionary features
with the model predictions, it is necessary to transform the
observables into the theoretical plane, by converting the ab-
solute magnitudes into the bolometric one. In doing this, the
bolometric corrections for Population II giants published by
Montegriffo et al. (1998) have been used. Table 5 lists the
bolometric magnitudes of both the RGB Bump and Tip for
the observed cluster sample, Figs. 14,15 show their trend
with the cluster metallicity in both the adopted scales. As
can be seen, the values obtained for the programme clusters
well fit into the relations calibrated in Paper II.
Theoretical predictions of the Bump features by
Straniero, Chieffi & Limongi (1997) show an excellent agree-
ment with the observations (see Fig. 14). Because of the sta-
tistical fluctuations affecting the observed RGB Tip, intrin-
sically poorly populated in GCs (Castellani et al. 1993), the
theoretical predictions of this feature (see e.g. Caloi et al.
1997; Salaris & Cassisi 1997) have to be considered as an
upper luminosity boundary to the observed values.
7 SUMMARY AND CONCLUSIONS
High-quality near-IR photometry of NGC 6304, NGC 6569,
NGC 6637 and NGC 6638 have been presented. By using
CMDs and LFs we performed a detailed analysis of the RGB
morphology and evolutionary features. New estimates of the
cluster distance and extinction have been obtained. A set of
c© 2004 RAS, MNRAS 000, 1–12
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Table 6. [Fe/H] photometric estimates for the observed clusters obtained by using the RGB morphological (colours, magnitudes and
slope) and evolutionary (Bump) features.
Name [Fe/H]CG97 [Fe/H]col [Fe/H]mag [Fe/H]slope [Fe/H]Bump <[Fe/H]>
NGC 6304 -0.68 -0.73 -0.69 -0.71 -0.55 -0.70
NGC 6569 -0.79 -0.90 -0.84 -0.82 -0.97 -0.88
NGC 6637 -0.68 -0.78 -0.76 -0.76 -0.77 -0.77
NGC 6638 -0.97 -1.06 -0.98 -0.87 -1.11 -1.00
Figure 15. Bolometric magnitudes of the RGB Tip as a func-
tion of the cluster metallicity in both the CG97 (upper panel) and
global (low panel) scales. Filled circles show the present cluster
sample and empty circles are the Paper II dataset. The solid lines
are the calibration relations from Paper II. Two theoretical pre-
dictions have been plotted in the lower panel: Caloi et al. (1997)
(dotted line) and Salaris & Cassisi (1997) (dashed line).
Table 5. Near-IR and bolometric RGB Bump and Tip of the
observed cluster sample.
Name NGC 6304 NGC 6569 NGC 6637 NGC 6638
JBump 14.03±0.10 14.93±0.05 14.28±0.05 14.45±0.05
HBump 13.33±0.10 14.23±0.05 13.78±0.05 13.73±0.05
KBump 13.13±0.10 14.08±0.05 13.65±0.05 13.58±0.05
JTip 9.06±0.23 10.52±0.21 9.91±0.23 8.61±0.24
HTip 8.02±0.25 9.49±0.22 9.08±0.22 8.89±0.28
KTip 7.65±0.33 9.21±0.26 8.72±0.31 8.61±0.35
MBump
bol
1.10±0.22 0.55±0.22 0.67±0.22 0.51±0.22
MTip
bol
-3.59±0.33 -3.59±0.26 -3.34±0.31 -3.88±0.35
photometric indices has been used to provide photometric
estimates of the cluster metallicity in both the [Fe/H] and
[M/H] scales. We find [Fe/H]= -0.70, -0.88, -0.77, -1.00 and
[M/H]= -0.54, -0.73, -0.62, -0.84 for NGC 6304, NGC 6569,
NGC 6637 and NGC 6638, respectively. The Bump and the
Tip bolometric luminosities are in excellent agreement with
the theoretical predictions.
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